The exciton root-mean-square displacement ͑⌳ D ͒ in regioregular poly͑3-hexylthiophene͒ ͑P3HT͒ deposited onto meso-tetrakis ͑n-methyl-4-pyridyl͒ porphyrin tetrachloride ͑H 2 TMPyP͒ has been determined from the photovoltaic response of a device based on these materials in a bilayer configuration. Excitons formed on illumination that reach the interface between H 2 TMPyP and P3HT can undergo interfacial charge separation by electron injection into the H 2 TMPyP and hole injection into the P3HT. The incident photon to current efficiency ͑IPCE͒ exceeds 20% over a broad wavelength regime. The theoretical analysis of the IPCE values gives a value for ⌳ D in H 2 TMPyP that amounts to 14 nm, while for P3HT a value of 18 nm is obtained. The latter value exceeds literature values reported for P3HT by almost a factor of 3. X-ray diffraction analysis shows that in the studied bilayer the P3HT backbones are aligned parallel to the interface with H 2 TMPyP. In contrast, in the case of P3HT deposited onto TiO 2 , for which ⌳ D has been reported to equal only 7 nm, hardly any organization of the P3HT backbones is observed. The excitonic coupling between P3HT backbones deposited onto H 2 TMPyP is as high as 125 cm −1 , a factor of 3 larger than the excitonic coupling between the disordered P3HT backbones that amounts to 47 cm −1 . The difference illustrates the importance of controlling the molecular organization for the realization of efficient energy transfer in organic optoelectronics. Downloaded 15 Sep 2010 to 131.180.130.114. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions 034505-2 Huijser et al. J. Appl. Phys. 104, 034505 ͑2008͒ Downloaded 15 Sep 2010 to 131.180.130.114. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions 034505-3 Huijser et al. J. Appl. Phys. 104, 034505 ͑2008͒ Downloaded 15 Sep 2010 to 131.180.130.114. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions 034505-8 Huijser et al. J. Appl. Phys. 104, 034505 ͑2008͒ Downloaded 15 Sep 2010 to 131.180.130.114. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions
I. INTRODUCTION
Conjugated electron-donating polymers such as substituted poly͑phenylene-vinylene͒ ͑PPV͒ and polythiophene derivatives are considered as attractive photoactive materials because of their strong absorption band in the visible and their ease of processing into thin films. The binding energy of an exciton, formed on absorption of a photon, ranges typically from 0.2 to 1.0 eV. [1] [2] [3] In order to realize an efficient photovoltaic device, excitons have to be dissociated into charges. This can be accomplished at an interface with an electron-accepting material. The driving force for charge separation has to exceed the exciton binding energy to allow exciton dissociation into charges. Electron-accepting materials studied intensively in combination with conjugated polymers include TiO 2 , 4,5 perylene derivatives, 6 and fullerenes. 7 Initially, bilayers of electron donor and electron acceptor were investigated. An important parameter in such organicbased solar cells is the average distance excitons are able to cover by diffusion before decay to the ground state occurs, referred to as the exciton root-mean-square displacement ͑⌳ D ͒. In the case of one-dimensional exciton diffusion, ⌳ D is defined by
͑1͒
with D E the exciton diffusion coefficient and E the exciton lifetime. Note that the degree of exciton diffusion is usually characterized by the exciton diffusion length ͑⌳ E ͒, as follows:
͑2͒
Characterizing the extent of exciton diffusion by ⌳ D is, however, more useful, since Eq. ͑2͒ does not take into account the dimensionality of the exciton diffusion process and does not represent the average distance an exciton is able to cover by diffusion. The low efficiencies observed for organic bilayer devices have been attributed to the discrepancy in ⌳ D of typically only a few nanometers [8] [9] [10] [11] [12] and the optical absorption length in the order of 100 nm. To overcome this limitation, the bulk-heterojunction cell has been developed, which is based on an interpenetrating network of electron donor and electron acceptor. 13, 14 To date, a maximum performance of 4.4% has been realized for a photovoltaic cell based on a blend of poly͑3-hexylthiophene͒ and a fullerene derivative. 15, 16 For a bulk heterojunction, it is essential to dissociate as much as possible the excitons formed on light absorption into charge carriers. To achieve this, the size of each phase in a blend should not exceed ⌳ D . In addition, the morphology of the interpenetrating network should allow efficient charge transport. [17] [18] [19] [20] A particular blend morphology, with specific domain dimensions, is not necessarily optimal for all these independent processes. However, enhancement of the exciton root-mean-square displacement allows the use of larger domains of electron donor and electron acceptor, which could enhance transport of charge carriers from the exciton dissociating interface through the interpenetrating network toward the electrodes. 21, 22 A value for ⌳ D in the same order of magnitude as the optical absorption length would make the application of the electron donor and electon acceptor in a bulk heterojunction obsolete.
Important advantages of alkyl substituted polythiophenes as compared to PPVs involve the enhanced photostability, the broader absorption band, and the ability to self-organize. [23] [24] [25] [26] [27] The organization of polyalkylthiophene backbones has been observed to strongly affect charge transport 22, 24 and may also influence the extent of exciton diffusion. In this work, the photophysical and morphological properties of a combination of the visible-light absorbing electron-accepting porphyrin derivative meso-tetrakis ͑n-methyl-4-pyridyl͒ porphyrin tetrachloride ͑H 2 TMPyP͒ and regioregular poly͑3-hexylthiophene͒ ͑P3HT͒ are presented. The chemical structures of H 2 TMPyP and P3HT are shown in Fig. 1͑a͒ . The electron-accepting behavior of H 2 TMPyP is induced by the presence of quaternized pyridyl side groups, resulting in a reduction potential of −0.2 eV versus normal hydrogen electrode. 28, 29 Bilayers of H 2 TMPyP and electron-donating porphyrins have been studied previously, yielding relatively low incident photon to current efficiencies. 29 The excellent solubility of P3HT in a solvent in which H 2 TMPyP does not dissolve and vice versa allows spincoating of multiple thin films on top of each other. The possibility for solution processing makes this combination of materials of particular interest over bilayers based on, for example, a combination of phthalocyanines and perylene derivatives on C 60 , [30] [31] [32] [33] which need to be formed by evaporation. The absorption spectra of P3HT and H 2 TMPyP presented in Fig. 1͑b͒ show that these compounds exhibit complementary absorption bands, which enhances the spectral overlap with the solar emission spectrum.
The surface morphology of the interface between H 2 TMPyP and P3HT is studied using atomic force microscopy ͑AFM͒. The photovoltaic properties of a photovoltaic cell based on these materials in a bilayer configuration are investigated by current-voltage and impedance measurements. Fitting an analytical model for the IPCE to the experimental data yields ⌳ D in both organic layers. The value for ⌳ D in P3HT differs significantly from values reported in the literature. The difference is attributed to the molecular organization of the P3HT chains, which is characterized by x-ray diffraction. The results show that the molecular organization is a key parameter for the realization of efficient energy transfer in organic photovoltaics.
II. EXPERIMENT

A. Sample preparation
H 2 TMPyP and regioregular P3HT ͑electronic grade͒ were purchased from Frontier Scientific ͑Logan, UT͒ and Rieke Metals, Inc. ͑Lincoln, NE͒, respectively. H 2 TMPyP films were prepared in air by spincoating from a solution in CH 3 OH ͑Aldrich, 99.9%, c =10 mg/ ml͒ at 2500 rpm onto either a quartz or onto an indium doped SnO 2 ͑ITO͒ coated glass substrate. Prior to film deposition these substrates were dried at 250°C for 1 h. P3HT films were spincoated in air from a solution in CHCl 3 at 2500 rpm ͑anhydrous, 99+ %, Aldrich, c =15 mg/ ml͒. A Hg contact ͑A = 0.78 mm 2 ͒ was used as backcontact, 34 resulting in the device configuration, as presented in the inset of Fig. 2͑b͒ . Film thicknesses were determined using a Veeco Dektak 8 Stylus Profiler and equal 25Ϯ 5 nm and 75Ϯ 5 nm for H 2 TMPyP and P3HT, respectively. 
B. Optical and morphological characterization
Optical characterization
Optical transmission and reflection spectra were recorded on a Perkin Elmer Lambda 900 UV/VIS/NIR spectrometer, using an integrating sphere. The optical absorption coefficient ͑␣͒ was determined from the transmission and reflection spectra, as described in Ref. 35 . Time-resolved fluorescence spectra were recorded with a Lifespec-ps setup using a 405 nm excitation source ͑Edinburgh Instruments͒.
Atomic force microscopy
Atomic force micrographs were recorded using a Nanoscope atomic force microscope, operated in the tapping mode.
X-ray diffraction analysis
X-ray diffraction measurements were performed in the Bragg-Brentano mode on a Bruker D8 advance x-ray diffractometer, equipped with a Cu anode ͑ K␣ = 1.5408 Å͒ operated at 40 kV and 30 mA.
C. Photovoltaic and Mott-Schottky characterization
Photocurrents were recorded in air, using an Autolab PGSTAT 10 EcoChemie potentiostat controlled by GPES 3 software in combination with a Xe lamp ͑Eurosep Instru-ments͒ equipped with a monochromator ͑Triax series 0144B 99/236͒. The incident power ͑P in ͒ varied from 6 to 8 mW/ cm 2 for the wavelength range of 300-700 nm. Shortcircuit currents were measured using a Keithley 2700 Multimeter. The fill factor ͑FF͒ was determined using
where V max and I max represent the voltage and the current at the maximum power point, V OC is the open-circuit voltage, and I SC is the short-circuit voltage. The incident photon to current efficiency ͑IPCE͒ as function of wavelength is determined using
where P in represents the power of the incident light. 36 Figure 2͑a͒ shows the current-voltage characteristics of the photovoltaic device based on H 2 TMPyP and P3HT in dark and under monochromatic illumination at 450 nm with an incident power ͑P in ͒ of 8 mW/ cm 2 . The configuration of the photovoltaic device is shown in the inset of Fig. 2͑b͒ . The forward bias direction corresponds to a negative voltage on the ITO electrode. Under this illumination the opencircuit voltage ͑V OC ͒ equals 0.65 V, the short-circuit current ͑I SC ͒ is 0.64 mA/ cm 2 , and the fill factor ͑FF͒ calculated from Eq. ͑3͒ is low and amounts to 0.36. Figure 2͑b͒ shows the wavelength dependence of the IPCE determined using Eq. ͑4͒. The IPCE value exceeds 20% over a broad wavelength regime. Comparison of the IPCE spectrum with the absorption spectra of H 2 TMPyP and P3HT presented in Fig.  1͑b͒ clearly shows that both materials contribute to the photocurrent. This implies that excitons formed in H 2 TMPyP and in P3HT are dissociated into charge carriers. The contribution originating from P3HT to the IPCE considerably exceeds values reported earlier for smooth bilayer devices based on polythiophene derivatives and C 60 . 37, 38 Possible explanations for the unexpected high IPCE values observed for the photovoltaic cell based on H 2 TMPyP and P3HT are discussed in Secs. III E and III F.
III. RESULTS AND DISCUSSION
A. Photovoltaic properties
B. Interface morphologies
The average distance an exciton has to travel before it can be dissociated into charge carriers is determined by the smoothness of the interface between H 2 TMPyP and P3HT. Figures 3͑a͒-3͑d͒ show the surface morphology of the ITO coated glass, the H 2 TMPyP spincoated onto the ITO electrode, the sample shown in ͑b͒ spincoated with a P3HT layer, and the sample presented in ͑c͒ after dissolving the P3HT layer specifically using CHCl 3 , respectively. The surface morphology of the original H 2 TMPyP layer appears to be almost identical to the surface morphology of H 2 TMPyP after the deposition of P3HT and the removal of the P3HT layer. This demonstrates the absence of any significant changes in surface morphology of H 2 TMPyP upon the deposition of the P3HT layer. Spincoating of P3HT onto H 2 TMPyP therefore yields a bilayer configuration, as presented schematically in the inset of Fig. 2͑b͒ , rather than an interpenetrating network of both materials. As a consequence, the high IPCE values observed in this work demonstrate the presence of efficient energy transfer pathways toward the exciton dissociating interface. 
C. Impedance measurements
Apart from efficient exciton diffusion through the H 2 TMPyP and P3HT layers and exciton dissociation at the interface, the high IPCE values also indicate efficient collection of charge carriers at the electrodes. Transport of charge carriers from the photoactive interface through the organic layers toward the electrodes can occur by drift induced by the internal electric field and/or by diffusion. The presence and width of a depletion layer near the porphyrin/polymer interface are investigated by using the impedance measurements. The complex impedance spectra of the bilayer device at various applied voltages are presented in Appendix A. Current/voltage plots recorded on the individual organic layers do not show a diodelike behavior. In addition, no voltage dependence capacitance is observed for the individual organic layers, indicating the presence of near Ohmic contacts. In contrast, the presence of a diodelike behavior and a voltage dependent capacitance in the case of the bilayer indicates the formation of a junction at the interface of the two organic layers. A simple equivalent circuit consisting of a capacitor with capacitance C P parallel to a resistor with resistance R P in series with a resistor ͑R S ͒ is sufficient to fit the impedance spectra. The fits and fit parameters are included in Appendix A. The capacitance appears to be a function of the applied voltage ͑V a ͒. The width of the depletion layer ͑w͒ can be determined from the capacitance by using
where A represents the electrode area, r the relative dielectric constant, and 0 the permittivity of free space. The relative dielectric constants of P3HT and H 2 TMPyP are assumed to be similar and taken equal to a value of 3. 29, 39 From the observed capacitance of 1 nF at V a = 0 V and A = 0.78 mm 2 follows a total depletion width of 20 nm. The dependence of the capacitance of the depletion layer on the applied voltage is described by 40 1
where e represents the electronic charge, N P3HT the concentration of ionized impurities in the P3HT layer, N H 2 TMPyP the concentration of ionized impurities in the H 2 TMPyP layer, and V BI the built-in potential present over the depletion layer. A Mott-Schottky plot ͑C P −2 vs V a ͒ recorded at 10 kHz under monochromatic illumination at 450 nm with an incident power of 8 mW/ cm 2 is included in Fig. 2͑a͒ . From Eq. ͑6͒ and the experimental Mott-Schottky data follows a built-in potential of 0.55 V, close to the V OC observed. In case N P3HT = N H 2 TMPyP , the depletion layer is located to equal extents over both layers. 40 From Fig. 2͑a͒ , it is clear that at V a = −1.0 V the bilayer device is not yet fully depleted. At this potential the observed capacitance is close to 0.6 nF, which corresponds to a w of 35 nm. This value exceeds the thickness of the H 2 TMPyP layer. From this observation it is inferred that the depletion region is not only located in the H 2 TMPyP layer but also in the P3HT layer. This indicates that the concentration of ionized impurities in the P3HT layer is either in the same order of magnitude or is lower than the concentration in the H 2 TMPyP layer. The presence of mobile holes in P3HT layers is generally attributed to reversible doping with oxygen, [41] [42] [43] [44] while the origin of the excess mobile electrons in the H 2 TMPyP layer is not clearly established. 45 The internal electric field present over the interface between H 2 TMPyP and P3HT is expected to retard interfacial recombination of electrons and holes formed on exciton dissociation.
D. Determination of the exciton root-mean-square displacement
Prime parameters that determine the IPCE of a bilayer device are the value of ⌳ D and the fraction of absorbed light ͑F A ͒ in the individual layers. The absorption profile within the bilayer device is determined using the optical modeling program SCOUT, 46 assuming the interface between H 2 TMPyP and P3HT to be perfectly smooth. More details about the SCOUT modeling are given in Appendix B. Figure 4 shows the first derivative of F A with respect to the distance from the mercury contact ͑z͒ for selected wavelengths. Especially within the H 2 TMPyP layer, the absorption profile turns out to deviate considerably from a Lambert-Beer profile, which mainly originates from the presence of the metal contact. The number of excitons formed that are able to reach the photoactive interface can be deduced from solving the following differential equation for exciton diffusion: 47
where n i ͑z͒ is the exciton concentration at a depth z within layer i and I 0 is the incident light intensity. Since a continuous light source is used, the first derivative of n i ͑z͒ with respect to t is zero. In addition, excitons that reach the interface with an electrode are assumed to be rapidly quenched and those that reach the interface between H 2 TMPyP and P3HT to be rapidly dissociated into charge carriers, i.e., n i = 0 at these interfaces. Solving Eq. ͑7͒ under these conditions and using the absorption profiles determined by SCOUT yield n i ͑z͒. The fraction of I 0 that leads to excitons that reach the photoactive interface ͑S i ͒ can be expressed by FIG. 4 . First derivative of F A with respect to z within the bilayer device presented in the inset in Fig. 2͑b͒ at selected wavelengths, determined using the optical modeling program SCOUT.
where L is the z coordinate corresponding to the interface between H 2 TMPyP and P3HT. More details about the solution of Eqs. ͑7͒ and ͑8͒ are presented in Appendix C. The total number of excitons that reaches the photoactive interface is the sum of the number of excitons in each layer that reaches this interface. Hence, the total amount of excitons reaching the interface divided by I 0 is defined as the sum of the S i factors of each layer. For expressing the IPCE in terms of S i , the charge separation yield at the interface into free charge carriers is assumed to be unity. Furthermore, it is assumed that all charge carriers formed on exciton dissociation are collected by the electrodes. Under these conditions, the IPCE of the bilayer device follows from
Fitting Eq. ͑9͒ to the experimental IPCE spectrum, with E 290 ps for P3HT and 1.28 ns for H 2 TMPyP as obtained from the fluorescence decay measurements ͑data not shown͒, results in the fit are included in Fig. 2͑b͒ with D E,H 2 TMPyP =8 ϫ 10 −8 m 2 / s and D E,P3HT = 5.9ϫ 10 −7 m 2 / s. Combining these values for D E with the observed exciton lifetimes and using Eq. ͑1͒ yields ⌳ D,H 2 TMPyP = 14 nm and ⌳ D,P3HT = 18 nm. This value for ⌳ D,P3HT is significantly larger than previous values for polythiophene derivatives deposited onto C 60 ͑Refs. 37 and 48͒ or TiO 2 , 8 where values close to 7 nm ͑Ref. 12͒ are reported. Possible reasons for the discrepancy in ⌳ D between those systems and the bilayer investigated in this study are discussed below.
E. Determination of the molecular organization
The discrepancy in ⌳ D,P3HT for P3HT deposited onto H 2 TMPyP and the previous reported values most likely originate from differences in the molecular organization. The degree of molecular organization in a thin film is elucidated using x-ray diffraction. Figure 5͑a͒ shows the x-ray diffraction patterns of single layers of H 2 TMPyP and P3HT deposited on quartz and a bilayer of H 2 TMPyP and P3HT on quartz. For reference purposes, the pattern observed for P3HT deposited onto a similar TiO 2 / quartz substrate as used in Ref. 8 is also illustrated, for which ⌳ D,P3HT has been determined to be 7 nm. 8 The x-ray diffraction intensity observed for a bare TiO 2 / quartz substrate is subtracted from the latter pattern, and the other patterns are corrected for the diffraction intensity of a bare quartz substrate. The x-ray dif-fraction pattern of a single layer of P3HT on quartz shows a diffraction peak at 2 = 5.18°. In the case of first order diffraction, this peak reveals the presence of a well-developed structure directed perpendicular to the quartz substrate with an interplanar distance equal to 17.0 Å. This distance most likely corresponds to the spacing between P3HT chains along the hexyl side chains, as reported in several earlier works 23, [25] [26] [27] and shown schematically in Fig. 5͑b͒ . In contrast to a P3HT layer on quartz, for P3HT deposited on TiO 2 / quartz, hardly any diffraction peak is observed, indicating a relatively low degree of organization of the P3HT chains for the latter system. The difference in degree of molecular organization could either originate from variations in the roughness of the substrate surface or from the interaction of P3HT with the surface functionalities of the substrate. From AFM analysis follows only a slightly higher surface roughness of TiO 2 as compared to quartz ͑see Appendix D͒. This leads to the conclusion that the difference in degree of organization of P3HT chains on TiO 2 and on quartz is most likely due to the interaction of the conjugated polymer with surface functionalities of the substrate.
Remarkably, a layer of H 2 TMPyP deposited on quartz possesses a diffraction peak at almost a similar angle as observed for P3HT on quartz. The maximum diffraction is observed at 2 = 5.04°, corresponding to the case of first order diffraction to an interplanar distance equal to 17.5 Å. Since this distance equals the diameter of a H 2 TMPyP molecule, the observed peak suggests the alignment of the H 2 TMPyP molecular planes perpendicular to the substrate. As compared to a bare H 2 TMPyP layer, the bilayer of H 2 TMPyP and P3HT deposited on quartz possesses a more intense diffraction peak, which is attributed to a contribution from both organic layers. The degree of molecular order of P3HT chains deposited on H 2 TMPyP is hence higher than for P3HT on TiO 2 , even though the surface of the latter substrate is smoother ͑see Appendix D͒. It should be noted that quartz and H 2 TMPyP possess a stronger hydrophilicity as compared to TiO 2 , [49] [50] [51] which may explain the higher degree of order of P3HT deposited onto the first two materials. The enhanced degree of molecular order of P3HT chains deposited onto H 2 TMPyP as compared to TiO 2 can explain the long exciton root-mean-square displacement observed for the first system.
F. Origin of the long exciton root-mean-square displacement
The value for ⌳ D depends on the exciton diffusion coefficient ͑D E ͒ and the exciton lifetime ͑ E ͒ according to Eq.
FIG. 5. X-ray diffraction patterns of quartz/P3HT ͑75 nm͒, quartz/ H 2 TMPyP ͑25 nm͒, quartz/ H 2 TMPyP ͑25 nm͒/P3HT ͑75 nm͒, and quartz/ TiO 2 / P3HT ͑75 nm͒ ͑a͒. The x-ray diffraction intensity observed for a bare TiO 2 / quartz substrate is subtracted from the latter pattern, and the other patterns are corrected for the diffraction intensity of a bare quartz substrate. Note that the data presented have different offsets to improve clarity. ͑b͒ shows the alignment of P3HT backbones parallel with the hexyl side chains perpendicular to a substrate.
͑1͒.
In case an exciton is localized on a single molecule, D E depends on the energy transfer rate ͑k ET ͒ and the center-tocenter distance between adjacent molecules ͑R DA ͒ according to
The exciton lifetimes are determined from fluorescence decay measurements ͑data not shown͒. The exciton diffusion coefficients in the individual layers are deduced from the experimental IPCE values, as described in Sec. III D. Combining the exciton diffusion coefficient with the interplanar distance determined by x-ray diffraction and using Eq. ͑10͒ yield the energy transfer rate. All these parameters characterizing the energy transfer in H 2 TMPyP, P3HT deposited on H 2 TMPyP, and P3HT deposited on TiO 2 are presented in Table I . Note that the energy transfer rate between the disordered P3HT chains on TiO 2 is a factor of 7 lower than the value determined for organized P3HT chains deposited onto H 2 TMPyP.
In the limit of weak intermolecular excitonic coupling, motion of excitons can be considered as diffusive with an intermolecular hopping rate k ET given by 52, 53 
where the factor V DA denotes the excitonic coupling between the energy donor and the energy acceptor, and J DA represents the spectral overlap integral. The definition and evaluation of the spectral overlap integrals for H 2 TMPyP and P3HT are specified in Appendix E. The experimental absorption and fluorescence spectra yield values for J DA equal to 4.3 ϫ 10 18 J −1 for H 2 TMPyP and 5.5ϫ 10 17 J −1 for P3HT. Combining this with the observed values for k ET yields values for the excitonic coupling V DA of 16 cm −1 for H 2 TMPyP, 125 cm −1 for P3HT deposited on H 2 TMPyP, and 47 cm −1 for P3HT on TiO 2 . The stronger excitonic coupling observed for P3HT on H 2 TMPyP as compared to P3HT on TiO 2 is most likely due to a higher and more favorable degree of molecular organization of the P3HT chains found for the first system. The value of V DA equal to 125 cm −1 found for P3HT deposited on H 2 TMPyP indicates a strong excitonic coupling between the adjacent P3HT chains that are organized, as shown in Fig. 5͑b͒ . Quantum-chemical calculations on excitonic couplings are underway in order to establish to which extent the value for the excitonic coupling can be understood on the basis of this molecular organization and whether exciton transfer can be further improved.
IV. CONCLUSIONS
This work presents the morphological and photophysical properties of a bilayer of the electron-accepting porphyrin derivative H 2 TMPyP and P3HT. A photovoltaic cell based on such a bilayer exhibits an IPCE over 20% over a broad wavelength regime. Fitting a model for one-dimensional exciton diffusion in the direction perpendicular to the interface between H 2 TMPyP and P3HT, which includes the absorption profiles in the bilayer to the experimental IPCE values, gives the exciton root-mean-square displacement ͑⌳ D ͒ in each layer. From x-ray diffraction, it is inferred that the H 2 TMPyP molecular cores are aligned perpendicular to the interface with P3HT, while the P3HT backbones are aligned parallel to the interface. For the H 2 TMPyP layer ⌳ D amounts to 14 nm, while a value of 18 nm is found for the P3HT layer. Combining the ⌳ D values with the intermolecular distances and the exciton lifetimes observed yields the intermolecular energy transfer rates, which amount to 3 ϫ 10 10 s −1 for H 2 TMPyP and 2 ϫ 10 11 s −1 for P3HT. From application of Fermi's golden rule to these energy transfer rates follows an excitonic coupling between H 2 TMPyP molecules that amounts to 16 cm −1 , while for P3HT a value as high as 125 cm −1 is found. The latter value is almost a factor of 3 higher than the excitonic coupling between the disordered P3HT chains determined to be 47 cm −1 . This illustrates the importance of controlling the molecular organization for the realization of efficient energy transfer in organic optoelectronics.
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APPENDIX A
APPENDIX B
The real and complex parts ͑n͒ and ͑k͒ of the refractive index of the materials used are determined from the experimental transmission and reflection spectra using the program SCOUT. 46 Figure 7͑a͒ shows the values for n and k as function of wavelength for quartz, H 2 TMPyP, and P3HT. The fractions of transmitted light ͑F T ͒ and reflected light ͑F R ͒ of quartz/ H 2 TMPyP ͑25 nm͒/P3HT ͑75 nm͒, illuminated from the side of the P3HT film, are determined using SCOUT on basis of n and k of the individual materials. The modeled F T and F R are shown in Fig. 7͑b͒ and agree very well with the experimental data. This validates modeling the absorption profile within the device presented in the inset of Fig. 2͑b͒ using SCOUT. The values for n and k of ITO coated glass are determined from the experimental transmission and reflection spectra and n and k of Hg are taken from Ref. 54 and shown in Fig. 7͑c͒ .
APPENDIX C
The first derivative of F A with respect to z determined using SCOUT has been converted to a sinusoidal equation, leading to the following steady-state differential equation for exciton diffusion:
The boundary conditions at the interface between an organic layer and an electrode and at the interface between H 2 TMPyP and P3HT have to be defined to solve Eq. ͑C1͒. Excitons reaching the interface with an electrode are assumed to be rapidly quenched and those that reach the photoactive interface to be rapidly dissociated into charge carriers. For the P3HT layer this implies that the concentration of excitons is zero at z = 0 and z = L ͑see Fig. 4͒ . Solving Eq. ͑C1͒ under these conditions by using the program MAPLE results in
with i = P3HT. Analogously, for the H 2 TMPyP layer the concentration of excitons is equal to zero at z = L and z = D, where D is the z coordinate corresponding to the interface between H 2 TMPyP and ITO, leading to 
with i =H 2 TMPyP. The fraction of incident photons that leads to excitons reaching the photoactive interface by diffusion ͑S i ͒ is expressed by
Application of Eq. ͑C4͒ to Eqs. ͑C2͒ and ͑C3͒ results in the following analytical expressions for the device, with i = P3HT ͑C5͒ and i =H 2 TMPyP ͑C6͒, respectively:
To express the IPCE in terms of S i , the charge separation yield at the photoactive interface into free charge carriers is assumed to be unity. Furthermore, it is assumed that all charge carriers formed on exciton dissociation are collected by the electrodes. The IPCE of the bilayer device then follows from IPCE = ͑S P3HT + S H 2 TMPyP ͒100%. ͑C7͒ Figure 8 shows the atomic force micrographs of quartz, quartz/H 2 TMPyP ͑25 nm͒, and quartz/TiO 2 .
APPENDIX D
APPENDIX E
In the case of incoherent exciton hopping between molecules, the energy transfer rate k ET between an energy donor and an energy acceptor depends on the excitonic coupling V DA and the spectral overlap integral J DA according to 52, 53 k ET = 2 h -͉V DA ͉ 2 J DA . ͑E1͒
The factor J DA corresponds to the Franck-Condon weighted density of states and can be obtained from 
where F D and A A denote the emission factor of the energy donor and the absorption factor of the energy acceptor, respectively. 52 The emission factor F D ͑E͒ depends on the fluorescence intensity I F ͑E͒ according to
The absorption factor A A ͑E͒ is related to the optical absorption coefficient ␣͑E͒ by Figure 9͑a͒ shows the fluorescence intensity I F ͑E͒ and the optical absorption coefficient ␣͑E͒ for H 2 TMPyP and P3HT as function of photon energy E. The limits for integration of the functions shown in the denominators of Eqs. ͑E3͒ and ͑E4͒ are determined by the energy range of the transitions relevant for energy transfer. In the case of H 2 TMPyP these limits follow from the energy range of the vibrational modes of the lowest S 0 − S 1 electronic transition. For P3HT the functions shown in the denominator of Eqs. ͑E3͒ and ͑E4͒ are integrated over the entire S 0 − S 1 absorption band. Application of Eqs. ͑E3͒ and ͑E4͒ then yields the emission factor F D ͑E͒ and the absorption factor A A ͑E͒, presented in Fig.  9͑b͒ . Multiplication of F D and A A for the individual compounds results in the curves presented in Fig. 9͑c͒ . Integration of these curves yields values for J DA equal to 4.3 ϫ 10 18 J −1 for H 2 TMPyP and 5.5ϫ 10 17 J −1 for P3HT. 
